A whole cell extract prepared from Schizosaccharomyces pombe was shown to be active in an assay for repair of plasmid DNA damaged by either ultraviolet (IV) light or vrradiation. The assay allows for analysis of repair synthesis at single-strand nicks generated by vrays and analysis of the incision step and repair synthesis in UV-ilghtdamaged DNA. Repair synthesis ofDNA damagedbyeitherUV light or v-rays was shown to depend on the presence of AT? in the reaction mixture. However, incision at pyrimdhne dimers did not require the addi of exogenous ATP. These studies showed that p Masmd DNA containing a single pi e dimer or one single-strand nick is a suitable substrate in this assay system. S. pombe is a geneticall well-defined eukaryotic organism and many radiation-senstive mutant derivatives have already been described, m ng this a powerful system In which to study DNA excision repair.
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Perhaps the best-studied DNA repair system is the excision repair pathway (reviews, refs. 1-3). Excision repair is a "cut and patch" mechanism, whereby the damaged bases and adjacent nucleotides are removed and new bases are synthesized in a template-dependent reaction. This is the mechanism by which much ofthe DNA damage caused by UV light, alkylating agents and ionizing radiation is repaired. Much of our knowledge about excision repair has come from studies of the Escherichia coli uvrABC system, involved in the repair of DNA containing pyrimidine dimers generated by UV radiation (4) . This multiprotein complex binds DNA at a site distant from the damage and travels to the damaged site via an associated ATPase activity (5) . This complex cleaves the DNA exactly eight bases on the 5' side of the pyrimidine dimer and four or five bases to the 3' side (6}. The damagecontaining oligonucleotide is removed by the complex, and repair synthesis then follows (4) . By contrast, adducts induced by small alkylating agents are recognized by DNA glycosylases that remove the damaged base, leaving apurinic/apyrimidinic (AP) sites that are cleaved by AP endonucleases (3, 7) . y Radiation produces strand breaks with nonligatable 3' ends, requiring the action of a 3' --5' exonuclease for repair (8, 9) .
Much of our knowledge of uvrABC-mediated DNA repair is based on studies using cell-free systems. Recently an in vitro excision repair system using human cell-free extracts (CFEs) has been described (10, 11) . These extracts are active in repairing UV-damaged DNA as well as DNA treated with cisplatin and psoralen (10) (11) (12) . A requirement for human single-strand binding protein in repair of UV-damaged DNA was demonstrated, along with a requirement for proliferating cell nuclear antigen (13, 14) . The patch size generated during the repair of pyrimidine dimers was found to be 27-29 nucleotides long (15) . Single-strand breaks generated by t-rays were shown to be repaired in human CFE in a (3-NAD+-dependent reaction, which is believed to be mediated through the action ofpoly(ADP-ribose) polymerase (16) .
Here we report the development of an in vitro DNA repair system using a whole cell extract prepared from the fission yeast Schizosaccharomyces pombe. This extract, which shares much in common with the human system, is proficient in the repair of DNA adducts induced by either UV light or ionizing radiation. Studying DNA repair in S. pombe has the added advantage in that a number of radiosensitive mutants exist (17) (18) (19) tTo whom reprint requests should be addressed.
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converted from supercoiled to nicked circular molecules the mean number of pyrimidine dimers was one per molecule.
- Following incubation, the reactions were stopped with the addition of 20 mM EDTA (final concentration), and the samples were incubated with pancreatic RNase (80;kg/ml) at 370C for 10 min. This was followed by a 30-min incubation at 500C with proteinase K (1 mg/ml) and 0.5% SDS. The reaction mixtures were then placed on ice for 30 min to precipitate the SDS/protein, which was removed by centrifugation. The DNA was precipitated with isopropyl alcohol and the pellets were washed in 70% ethanol. The DNA was analyzed by electrophoresis on 1% agarose gels containing ethidium bromide, which were subsequently dried and autoradiographed.
Quantitation of DNA bands was accomplished by densitometric measurements of negative photographs of the gels using a Molecular Dynamics (Sunnyvale, CA) computing densitometer (model 300A). Incorporation of radioactivity was measured by excising gel slices followed by scintillation spectroscopy. 
RESULTS
These studies demonstrate DNA excision repair activity in a whole cell extract prepared from S. pombe. Incubation of pUC18 DNA irradiated with UV light in this extract led to incision followed by repair synthesis. Incision was assayed by electrophoresis on agarose gels as a shift from closed circular DNA to nicked circular DNA, whereas repair synthesis was monitored by the incorporation of [a-32P]dTMP.
Supercoiled DNA that was exposed to UV light at 254 nm contained on average one pyrimidine dimer per plasmid molecule for every 50 J/m2. -Rays produce single-and double-strand breaks in the DNA. The single-strand breaks are a one base deletion with a 3' phosphate or a 3' phosphoglycolate (21) . Plasmid DNA exposed to 100 Gy (10, (Fig. 1A, compare lanes 3 and   4) . There was no detectable incision of the unirradiated plasmid when incubated in the presence of extract (lane 2). Supercoiled plasmid was rapidly converted to relaxed circular DNA when incubated in the presence of extract. This change in the form of the DNA is indicated by a shift to a faster migrating species on agarose gels containing ethidium bromide, referred to as closed circular DNA (Fig. 1A,  compare lanes 1 and 3 with lanes 2 and 4) . In the absence of ethidium bromide in the gel, this band comigrated with nicked circular DNA (data not shown). This conversion to a relaxed circular molecule was shown to be ATP independent and is therefore believed to result from the action of topoisomerase I in the extract (22) . Repair synthesis was monitored by the incorporation of [a-32P]dTMP, which was detected by autoradiography. These studies showed that repair synthesis was dependent on UV damage to the DNA (Fig. 1B, compare   lanes 2 and 4) . vIrradiated plasmids containing single-strand breaks migrated as nicked circular DNA (Fig. 1A, lane 5) . When virradiated plasmid was mixed with extract containing [a-32P]dTTP, radioactive incorporation was detected in the plasmid (Fig. 1B, lane 6) .
Determination of Reaton Conditions. Reactions were carried out in which the concentrations of KCI and protein were varied. The optimum KCl concentration for repair of v-raydamaged DNA or UV-induced repair synthesis was between 70 and 100 mM ( Fig. 2A) . Varying the amount of extract added to the reaction mixture demonstrated a linear increase in the incorporation of radioactivity from 10 to 200 Iug of protein for t-ray damage, whereas the repair of UV lightdamaged DNA showed increased activity between 50 to 200 ,ug of extract (Fig. 2B) . The reaction also depended on the addition of Mg2+ (see Fig. 5 ).
The requirement for ATP in the repair ofUV light and vray damage was demonstrated by the need to add an ATPregenerating system to the extract to observe repair synthesis (Fig. 3) . The addition of 2 mM ATP alone marginally stimulated repair synthesis, whereas the addition of 40 Removal of Pyrimidine Hydrates. Several experiments with extracts of S. pombe suggested that ATP was not required for the incision step of the repair reaction. One possible explanation for this observation is the presence of a pyrimidine hydrate DNA glycosylase in the extract (23 incubated with an excess of E. coli endonuclease III, which removes pyrimidine hydrates and thymine glycols and leads to the production of nicked circular molecules (24) . Plasmid DNA lacking pyrimidine hydrates and thymine glycols remain as supercoiled DNA molecules, which were purified by sucrose gradient centrifugation. The pyrimidine hydrate-free DNA was incubated in extract in the absence of added ATP and the ATP-regenerating system. Incision but not repair synthesis was detected, as seen in Fig. 4 A and B, lanes 7-11, and C. Repair synthesis did occur when ATP and an ATPregenerating system were added to the extracts (Fig. 4B,  lanes 12-16, and D) . A comparison of repair induced by UV-light-irradiated DNA that either was treated or not treated with endonuclease III indicated that hydrated pyrimidines did not contribute significantly to the level of incision or repair synthesis detected by this assay (Fig. 4 C and D) . Repair synthesis (measured in fmol of dTMP incorporated) as a function of time.
To rule out the possibility that small amounts of ATP remaining in the extract were sufficient for incision, extracts were depleted of ATP by preincubation with hexokinase and D-glucose. Plasmid DNA, irradiated with 250 J of UV light per m2 and free of pyrimidine hydrates, was added to either untreated extract or extract pretreated with hexokinase. The level of incision was the same with either extract (data not shown). Fig. 5 shows that incision at pyrimidine dimers, as well as repair synthesis ofDNA damaged by either radiation or UV light, depended on the addition of MgCl2. Maximum repair synthesis occurred at 7.4 mM and 20 mM MgCl2 with -rayand UV-light-damaged DNA, respectively, whereas incision of UV-light-damaged DNA leveled offat 7.4 mM MgC2 (Fig.   5C ). At virradiated plasmid was quantitated and shown to give a linear response through 300 Gy (Fig. 6D) .
DISCUSSION
The results reported in this paper demonstrate that a whole cell extract prepared from the fission yeast S. pombe is active for excision repair. DNA damaged by either UV light or vrays stimulated repair synthesis in this extract, whereas unirradiated plasmid did not. It was determined that optimal conditions for repair of DNA damaged by UV light or vrays differed. This is consistent with the fact that different mechanisms are involved in the repair of damage caused by these two types of radiation (3, 8) .
The results reported here parallel much of what has previously been discovered using human cell extracts (10, 11) ; however, some differences were observed. In the original reports using human cell-free systems, DNA was linearized with restriction enzymes prior to electrophoresis due to the presence of multiple topoisomers produced by the extract. In S. pombe extracts there was a rapid conversion of supercoiled plasmid DNA to relaxed circular DNA, the only topoisomer found. This simplified our assay in which DNA was separated on agarose gels directly after purification. Also, only a fraction of the plasmid was converted to closed circular DNA following repair synthesis in these extracts, whereas the majority of plasmid DNA repaired in human extracts was converted to closed circular DNA. This is in part a function of dose. At low doses, when the DNA has one or a few nicks, a higher proportion of covalently closed circles accumulate (Fig. 4) compared with the level seen at higher doses. This suggests that incision is not the rate-limiting step in this system. The persistence of nicked circles allowed for a simple analysis of incision, leading to the finding that this repair step occurs in the absence of ATP. This is in contrast to the uvrABC system of E. coli, which requires ATP for incision (5, 6). Wood et al. (10) found that ATP was required at an early step in excision repair in human CFE, based on the ability ofthe extract to repair a plasmid containing a small gap without added ATP. However, this result cannot distinguish between incision and excision. Although our assay could not determine whether excision occurs in the absence ofATP, we could show that incision occurred in an ATP-independent reaction. Incision was, however, dependent on the addition of Mg2+.
The addition of P-NAD to the reaction greatly stimulated repair synthesis and formation of closed circular DNA in reactions containing DNA damaged by either UV light or vrays (K.S. and G.A.F., unpublished data). This result may also explain the low level of closed circles formed. Satoh and Lindahl (16) recently reported that ,-NAD stimulated repair of v-ray-damaged DNA using human cell-free extracts through the action of poly(ADPribose) polymerase. Since poly(ADPribose) polymerase has not been found in yeast, it will be interesting to determine the role of (3-NAD in this reaction. There are at least 23 genes known in S. pombe that mediate radioresistance (i.e., rad genes) and it is likely that many more will be found (17) (18) (19) . The ability to readily generate mutations in DNA repair genes and to combine genetic and biochemical studies make S. pombe a very powerful system in which to investigate excision repair. Also, parallels between S. pombe and mammalian cells are well known. This study illustrates that the similarities include some aspects of DNA excision repair. An understanding of DNA excision repair in fission yeast should further our understanding of DNA repair in mammalian cells as well. 
